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Overview on UED
• Universal: all SM particles in flat ED
• The simplest model: S1/Z2 (5D)
• KK-parity: 

– all SM particles (zero mode) are even
– level 1 KK particles (n=1) are odd
– level 2 KK particles (n=2) are even
– electroweak precision constraints are avoided

• new contributions are loop-suppressed
– the LKP is stable and a DM candidate
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Figure 1–3: S1/Z2 orbifold. A half of the circle (S1) is identified with the other half
with a Z2 symmetry. The geometry becomes a line with two fixed points. The line
between two fixed points represents the bulk.

1. The lightest KK-partners (those at level 1) must always be pair-produced

in collider experiments, which leads to relatively weak bounds from direct

searches.

2. The KK-parity conservation implies that the contributions to various pre-

cisely measured low-energy observables only arise at the loop level and are

small.

3. Finally the KK-parity guarantees that the lightest KK partner is stable, and

thus can be a cold dark matter candidate.

As we will see in the next chapters, the phenomenology of this scenario clearly

resembles that of supersymmetry. In this sense, many of the SUSY studies in the

literature apply, and it is perhaps more important to find methods to distinguish

between the two models. Recently, other models such as little Higgs theory with

T-parity have been proposed as new physics beyond the Standard Model. Our

studies can also apply in the case of little Higgs models since the first level of the

UED model looks like the little Higgs particle spectrum.

Except for its abundance, no other properties of dark matter candidates are

known at present. Therefore it is important to study the properties of new types

of dark matter candidates in the extra dimensional models and compare them with

those in supersymmetry. Then a number of questions can arise: What are the
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Universal Extra Dimensions

• MUED: Minimal Universal Extra Dimensions (cf. mSugra)

• 2UED: Two Universal Extra Dimensions (GMSB)

• nUED: non-minimal Universal Extra Dimensions

• boundary terms

• SUED: Split Universal Extra Dimensions (cf. Split SUSY)

• bulk terms

• sUED: UED with singlet extension

• NMUED: Next-to-Minimal UED 

• (with boundary and bulk terms)
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More on UED
• Minimal UED: mass splitting be generated by radiative 

corrections (assuming no boundary terms and no bulk masses) 
• Short RG running leads to compressed mass spectrum
• Larger production cross sections (compared to SUSY 

productions), i.e., KK gluon, KK quark productions
• SUSY-like cascade decays at the LHC from the first KK modes.

• Distinct feature: 2nd KK modes... 

SUSY: q̃

χ̃0
2

"̃∓
L

χ̃0
1

UED: Q1

Z1

"∓1

γ1

q
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FIG. 10: Twin diagrams in SUSY and UED. The upper (red) line corresponds to the cascade decay

q̃ → qχ̃0
2 → q"±"̃∓L → q"+"−χ̃0

1 in SUSY. The lower (blue) line corresponds to the cascade decay

Q1 → qZ1 → q"±"∓1 → q"+"−γ1 in UED. In either case the observable final state is the same:

q"+"− /ET .

analogous decay chain Q1 → qZ1 → q!±!∓1 → q!+!−γ1 in UED [11, 12]. Both of these

processes are illustrated in Fig. 10.

FIG. 11: Lepton-quark invariant mass distributions in (a) UED with R−1 = 500 GeV and (b)

supersymmetry with a matching sparticle spectrum. We show separately the distributions with

the near and far lepton, and their sum. The positive (negative) charge leptons are shown in red

(blue).

Next, one forms the lepton-quark invariant mass distributions M!q (see Fig. 11). The

spin of the intermediate particle (Z1 in UED or χ̃0
2 in SUSY) governs the shape of the

distributions for the near lepton. However, in practice we cannot distinguish the near and

far lepton, and one has to include the invariant mass combinations with both leptons. This

tends to wash out the spin correlations, but a residual effect remains, which is due to the

26
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FIG. 6: The spectrum of the first KK level at (a) tree level and (b) one-loop, for R−1 = 500 GeV,

ΛR = 20, mh = 120 GeV, m2
H = 0, and assuming vanishing boundary terms at the cut-off scale Λ.

R−1 = 500 GeV, ΛR = 20, mh = 120 GeV, m2
H = 0 and assumed vanishing boundary

terms at the cut-off scale Λ. We see that the KK “photon” receives the smallest corrections

and is the lightest state at each KK level. Unbroken KK parity (−1)KK implies that the

lightest KK particle (LKP) at level one is stable. Hence the “photon” LKP γ1 provides an

interesting dark matter candidate. The corrections to the masses of the other first level KK

states are generally large enough that they will have prompt cascade decays down to γ1.3

Therefore KK production at colliders results in generic missing energy signatures, similar

to supersymmetric models with stable neutralino LSP. Collider searches for this scenario

appear to be rather challenging because of the KK mass degeneracy and will be discussed

in a separate publication [13].

V. CONCLUSIONS

Loop corrections to the masses of Kaluza-Klein excitations can play an important role

in the phenomenology of extra dimensional theories. This is because KK states of a given

level are all nearly degenerate, so that small corrections can determine which states decay

and which are stable.

3 The first level graviton G1 (or right-handed neutrino N1 if the theory includes right handed neutrinos N0)

could also be the LKP. However, the decay lifetime of γ1 to G1 or N1 would be comparable to cosmo-

logical scales. Therefore, G1 and N1 are irrelevant for collider phenomenology but may have interesting

consequences for cosmology.

20

Cheng, Matchev, Schmaltz, 2002

Minimal UED
• Two parameters: R, Lambda (cutoff)

tree level with rad. corr.
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Cheng, Matchev, Schmaltz, 2002

Minimal UED
• Two parameters: R, Lambda (cutoff)

FIG. 1: One-loop corrected mass spectrum of the n = 1 and n = 2 KK levels in Minimal UED, for

R−1 = 500 GeV, ΛR = 20 and mh = 120 GeV. We show the KK modes of gauge bosons, Higgs

and Goldstone bosons and first generation fermions.

In Fig. 1 we show the mass spectrum of the n = 1 and n = 2 KK levels in Minimal UED,

for R−1 = 500 GeV, ΛR = 20 and SM Higgs boson mass mh = 120 GeV. We include the

full one-loop corrections from [26]. We have used RGE improved couplings to compute the

radiative corrections to the KK masses. It is well known that in UED the KK modes modify

the running of the coupling constants at higher scales. We extrapolate the gauge coupling

constants to the scale of the n = 1 and n = 2 KK modes, using the appropriate β functions

dictated by the particle spectrum [38, 58, 59]. As a result the spectrum shown in Fig. 1

differs slightly from the one in [26]. Most notably, the colored KK particles are somewhat

lighter, due to a reduced value of the strong coupling constant, and overall the KK spectrum

at each level is more degenerate.

B. Comparison of UED and Supersymmetry

We are now in a position to compare in general terms the phenomenology of UED and

supersymmetry at colliders. In Section I we outlined four identifying features of SUSY

models with WIMP LSPs. In complete analogy, the discussion of Section IIA leads to the

following generic features of UED:

7
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Level 2: KK resonances

FIG. 8: 5σ discovery reach for (a) γ2 and (b) Z2. We plot the total integrated luminosity L (in

fb−1) required for a 5σ excess of signal over background in the dielectron (red, dotted) or dimuon

(blue, dashed) channel, as a function of R−1. In each plot, the upper set of lines labelled “DY”

makes use of the single V2 production of Fig. 6 only, while the lower set of lines (labelled “All

processes”) includes indirect γ2 and Z2 production from n = 2 KK quark decays. The red dotted

line marked “FNAL” in the upper left corner of (a) reflects the expectations for a γ2 → e+e−

discovery at the Tevatron in Run II. The shaded area below R−1 = 250 GeV indicates the region

disfavored by precision electroweak data [31].

(red, dotted) or dimuon (blue, dashed) channel, as a function of R−1. In each panel in Fig. 8,

the upper set of lines labelled “DY” only utilizes the single V2 production cross-sections from

Fig. 6. The lower set of lines (labelled “All processes”) includes in addition indirect γ2 and

Z2 production from the decays of n = 2 KK quarks to γ2 and Z2 (we ignore secondary γ2

production from Q2 → Z2 → "2 → γ2). The shaded area below R−1 = 250 GeV indicates

the region disfavored by precision electroweak data [31]. Using the same cuts also for the

case of the Tevatron, we find the Tevatron reach in γ2 → e+e− shown in Fig. 8a and labelled

“FNAL”. For the Tevatron we use electron energy resolution ∆E/E = 0.01⊕0.16/
√

E [77].

The Tevatron reach in dimuons is worse due to the poorer resolution, while the reach for Z2

is also worse since mZ2
> mγ2

for a fixed R−1.

Fig. 8 reveals that there are good prospects for discovering level 2 gauge boson resonances

at the LHC. Already within one year of running at low luminosity (L = 10 fb−1), the LHC

will have sufficient statistics in order to probe the region up to R−1 ∼ 750 GeV. Notice that

23

FIG. 9: The γ2 − Z2 diresonance structure in UED with R−1 = 500 GeV, for (a) the dimuon and

(b) the dielectron channel at the LHC with L = 100 fb−1. The SM background is shown with the

(red) continuous underlying histogram.

in the Minimal UED model, the “good dark matter” region, where the LKP relic density

accounts for all of the dark matter component of the Universe, is at R−1 ∼ 500 − 600 GeV

[39, 43, 44]. This region is well within the discovery reach of the LHC for both n = 1 KK

modes [2] and n = 2 KK gauge bosons (Fig. 8). If the LKP accounts for only a fraction of

the dark matter, the preferred range of R−1 is even lower and the discovery at the LHC is

easier.

From Fig. 8 we also see that the ultimate reach of the LHC for both γ2 and Z2, after

several years of running at high luminosity (L ∼ 300 fb−1), extends up to just beyond

R−1 = 1 TeV. One should keep in mind that the actual KK masses are at least twice as

large: mV2
∼ m2 = 2/R, so that the KK resonances can be discovered for masses up to 2

TeV.

While the n = 2 KK gauge bosons are a salient feature of the UED scenario, any such

resonance by itself is not a sufficient discriminator, since it resembles an ordinary Z ′ gauge

boson. If UED is discovered, one could then still make the argument that it is in fact some

sort of non-minimal supersymmetric model with an additional gauge structure containing

neutral gauge bosons. An important corroborating evidence in favor of UED would be the

simultaneous discovery of several, rather degenerate, KK gauge boson resonances. While

SUSY also can accommodate multiple Z ′ gauge bosons, there would be no good motivation

24

FIG. 7: Branching fractions of the n = 2 KK gauge bosons versus R−1: (a) g2, (b) Z2, (c) W±
2 ,

and (d) γ2.

n = 2 KK gauge bosons and confirmed that they are very small, hence we shall neglect them

in our analysis below.

In conclusion of this section, we discuss the experimental signatures of n = 2 KK gauge

bosons. To this end, we need to consider their possible decay modes. Having previously

discussed the different partial widths, it is straightforward to compute the V2 branching

fractions. Those are shown in Fig. 7(a-d). Again we observe that the branching fractions

are very weakly sensitive to R−1, just as the case of Figs. 3 and 4. This can be understood as

follows. The partial widths (3) and (4) for the KK number conserving decays are proportional

to the available phase space, while the partial width (6) for the KK number violating decay

is proportional to the mass corrections (see eq. (7)). Both the phase space and the mass

corrections are proportional to R−1, which then cancels out in the branching fraction.

Similarly to the case of n = 2 KK quarks discussed in Sec. IIIA, KK number conserving

20
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KK Dark Matter: abundance
• O(1) TeV KK photon
• Coannihilation with SU(2)-singlet 

KK leptons lowers LKP mass to ~ 
600 GeV.
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Figure 3: Prediction for ΩB(1)h2 as in Figure 1. The solid line is the case for B(1) alone,
and the dashed and dotted lines correspond to the case in which there are one (three)

flavors of nearly degenerate e(1)
R . For each case, the black curves (upper of each pair)

denote the case ∆ = 0.01 and the red curves (lower of each pair) ∆ = 0.05.

translates into a KK mass window slightly below the window obtained for B(1) alone. In
Figure 3 we present the resulting relic abundance of B(1) including both the one flavor
and three flavors of e(1)

R , for two choices of ∆ corresponding to 1% and 5% mass splittings.
The curves become approximately degenerate with the B(1) without coannihilation case
when ∆ ∼> 0.1. In each case, the resulting mKK window shifts slightly downward because
of the increase in the predicted relic density, favoring values between 600 − 1050 GeV,
depending on the number of light e(1)

R flavors and the mass splitting.

6.2 ν(1) Coannihilation with e(1)
L

As mentioned in the introduction of section 5, one should include e(1)
L in the calculation

of the LKP relic density when assuming that the LKP is ν(1). Indeed, ν(1) and e(1)
L are

expected to be nearly degenerate, with tree level mass splittings on the order of the mass
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Figure 1: Ωh2 as function of R−1 for mh = 120 GeV, ΛR = 20 (left) and ΛR = 50 (right)
including different processes as specified on the figure. Here 1-loop stands for one-loop
couplings between level 2 and SM particles. The shaded region corresponds to the 3σ
preferred region obtained by WMAP [13].

impact on the relic density, see Fig. 1. This is mainly because the new contribution from
the process γ1h1+ → h2+ → tb̄ benefits from a resonance enhancement thus increasing
significantly the effective annihilation cross section. This result depends very sensitively
on the mass of the level-2 particle, a small downward shift in the mass, such as in the
MUED model used in [11], where the renormalization scale is set to µ = 2R−1 for the
level 2 masses, means that the pole effect is avoided at the LKP decoupling temperature.
When including the contribution of h2 and neglecting level 2 KK-particles in the final
state, the prediction for the relic abundance is close to the one obtained including only
annihilation processes.

When allowing level-2 particles in the final state, mainly γ2 and h2, a2, a±2, the relic
abundance decreases sharply shifting the preferred value of the DM mass above the TeV
scale. This is due to the important contribution of the coannihilation channels (l1γ1 →
lγ2) that are enhanced by the exchange near resonance of the n = 2 KK singlet lepton.
Together these channels make up more than 50% of the (co)annihilation channels. As
previously, other coannihilation channels each contribute to a small fraction of the total
effective cross section. The contribution of the most important channels is illustrated in
Fig. 2, where we have summed the contribution of all leptons in the initial states and all
SM particles in the final state. Coannihilation channels involving lepton pairs contribute
around 15% and their contribution is comparable to the one of Higgs channels γ1H1

at large values of R−1. Contributions of the order of a few percent are found for the
annihilation channels, γ1γ1, as well as coannihilations of the type l1H1, H1H1 or γ1l1 into
only SM particles. This still leaves around 10% contribution from all remaining channels,
among these one finds notably channels involving gauge bosons such as V 1H1 or V 1l1.

The value of the cut-off scale Λ has an impact on the mass of the KK particles through
logarithmic one-loop corrections, Eq. 11. Increasing the scale to ΛR = 50 leads to heavier
KK particles, in particular for KK lepton doublets and KK quarks, and has an impact on
Ωh2. For example when ignoring the level 2 particles in the final state the contribution
of coannihilation channels with KK leptons suffers from a larger Bolzmann suppression
factor, this is partly compensate by an increase in the contribution of the h2+ pole (as

10

Servant, Tait 2002

Belanger, Kakizaki, Pukhov, 2010

Friday, April 5, 13



KK Dark Matter: direct detection

• Direct detection hard
• Treat mass splitting as a 

free parameter (better 
chance for direct detection)

3

FIG. 1: Predicted spin-dependent proton cross sections (dark-
shaded, blue), along with the projected sensitivity of a 100
kg NAIAD array [14]; and predicted spin-independent pro-
ton cross sections (light-shaded, red), along with the current
EDELWEISS sensitivity [15], and projected sensitivities of
CDMS [16], GENIUS [17], and CRESST [18]. (The CRESST
projection is long-term and conditional upon increased expo-
sure and improved background rejection.) The predictions are
for mh = 120 GeV and 0.01 ≤ r = (mq1 − mB1)/mB1 ≤ 0.5,
with contours for specific intermediate r labeled.

is compensated in large nuclei where spin-independent
rates are enhanced by ∼ A2. In the case of bosonic KK
dark matter, the latter effect dominates, and the spin-
independent experiments have the best prospects for de-
tection, with sensitivity to mB1 far above current limits.

Dark matter may also be detected when it annihilates
in the galactic halo, leading to positron excesses in space-
based and balloon experiments. The positron flux is [19]

dΦe+

dΩdE
=

ρ2

m2
B1

∑

i

〈σiv〉B
i
e+

∫

dE0fi(E0)G(E0, E) , (12)

where ρ is the local dark matter mass density, the sum
is over all annihilation channels i, and Bi

e+ is the e+

branching fraction in channel i. The initial positron en-
ergy distribution is given by f(E0), and the Green func-
tion G(E0, E) propagates positrons in the galaxy.

Several channels contribute to the positron flux. Here
we focus on the narrow peak of primary positrons
from direct B1B1 → e+e− annihilation. (Annihilation
to muons, taus and heavy quarks also yield positrons
through cascade decays, but with relatively soft and
smeared spectra.) In this case, the source is monoen-
ergetic, and Eq. (12) simplifies to

dΦe+

dΩdE
= 2.7 × 10−8cm−2s−1sr−1GeV−1 〈σeev〉

pb

×

[

ρ

0.3 GeV/cm3

]2 [

1 TeV

mB1

]2

g

(

1,
E

mB1

)

, (13)

FIG. 2: Predicted positron signals (dark shaded) above back-
ground (light shaded) as a function of positron energy for
mB1 = me1

L
= me1

R
= 100, 500, 750, and 1000 GeV.

where the annihilation cross section is

〈σeev〉 =
e4

9π cos4 θW

[

Y 4
e1

L

m2
B1 + m2

e1
L

+ (L → R)

]

, (14)

and the reduced Green function g is as in Ref. [20].
Positron spectra and an estimated background (model

C from Ref. [19]) are given in Fig. 2. The sharp peak at
Ee+ = mB1 is spectacular — while propagation broad-
ens the spectrum, the mono-energetic source remains ev-
ident. This feature is extremely valuable, as the back-
ground, although resulting from many sources, should be
smooth. Maximal Ee+ also enhances detectability since
the background drops rapidly with energy. Both of these
virtues are absent for neutralinos, where Majorana-ness
implies helicity-suppressed annihilation amplitudes, and
positrons are produced only in cascades, leading to soft,
smooth spectra [21]. A peak in the e+ spectrum will not
only be a smoking gun for B1 dark matter, it will also
exclude neutralinos as the source.

Of the many positron experiments, the most promis-
ing is AMS [22], the anti-matter detector to be placed
on the International Space Station. AMS will distin-
guish positrons from electrons even at 1 TeV energies [23].
With aperture 6500 cm2sr and a runtime of 3 years, AMS
will detect ∼ 1000 positrons with energy above 500 GeV,
and may detect a positron peak from B1 dark matter.

Photons from dark matter annihilation in the center of
the galaxy also provide an indirect signal. The line signal
from B1B1 → γγ is loop-suppressed, and so we consider
continuum photon signals. The integrated photon flux
above some photon energy threshold Eth is [20]

Φγ(Eth) = 5.6 × 10−12 cm−2 s−1J̄(∆Ω)∆Ω

×

[

1 TeV

mB1

]2
∑

q

〈σqqv〉

pb

∫ mB1

Eth

dE
dN q

γ

dE
, (15)

Cheng, Feng, Matchev 2002
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FIG. 4: Tree-level diagrams for the elastic scattering of γ1 LKP with quarks. The diagrams for
the case of Z1 LKP are similar.

computation done in [26]7. The spin-independent cross section is given by

σscalar =
m2

T

4π (mγ1 + mT )2
[Zfp + (A − Z)fn]2 , (15)

where mT is the mass of the target nucleus, Z and A are respectively the nuclear charge

and atomic number, while

fp =
∑

u,d,s

(βq + γq)〈p|q̄q|p〉 =
∑

u,d,s

βq + γq

mq
mpf

p
Tq

, (16)

and similarly for fn. In eq. (16) mp (mn) stands for the proton (neutron) mass. For the

nucleon matrix elements we take f p
Tu

= 0.020±0.004, f p
Td

= 0.026±0.005, fn
Tu

= 0.014±0.003,

fn
Td

= 0.036 ± 0.008, and f p,n
Ts

= 0.118 ± 0.062 [61]. The numerical coefficients βq and γq in

eq. (16) are defined as8

βq =
e2

cos2 θW

[

Eq(Y
2
qL

cos2 α + Y 2
qR

sin2 α)
m2

q1
L

+ m2
γ1

(m2
q1
L
− m2

γ1
)2

+
YqL

YqR
mq1

L
sin 2α

m2
γ1
− m2

q1
L

+ (L → R)
]

(17)

≈Eq
e2

cos2 θW

[

Y 2
qL

m2
γ1

+ m2
q1
L

(m2
q1
L
− m2

γ1
)2

+ (L → R)

]

for α = 0, (18)

γq = mq
e2

2 cos2 θW

1

m2
h

, (19)

7 The precise calculation of the heavy quark contribution to the processes of Fig. 4 is rather involved – the

heavy flavors contribute only at the loop level, through the gluon content of the nucleon. In the absence of

an exact calculation of these effects in the literature, we choose to conservatively ignore the heavy flavor

contributions altogether, as was done in [26].
8 Ref. [34] contains a typo in the overall sign of the coefficient βq, which was denoted there as Sq.

18

Friday, April 5, 13



KK Dark Matter: indirect detection

• Indirect detection: lepton final states, positron/neutrino/photon flux
3

FIG. 1: Predicted spin-dependent proton cross sections (dark-
shaded, blue), along with the projected sensitivity of a 100
kg NAIAD array [14]; and predicted spin-independent pro-
ton cross sections (light-shaded, red), along with the current
EDELWEISS sensitivity [15], and projected sensitivities of
CDMS [16], GENIUS [17], and CRESST [18]. (The CRESST
projection is long-term and conditional upon increased expo-
sure and improved background rejection.) The predictions are
for mh = 120 GeV and 0.01 ≤ r = (mq1 − mB1)/mB1 ≤ 0.5,
with contours for specific intermediate r labeled.

is compensated in large nuclei where spin-independent
rates are enhanced by ∼ A2. In the case of bosonic KK
dark matter, the latter effect dominates, and the spin-
independent experiments have the best prospects for de-
tection, with sensitivity to mB1 far above current limits.

Dark matter may also be detected when it annihilates
in the galactic halo, leading to positron excesses in space-
based and balloon experiments. The positron flux is [19]

dΦe+

dΩdE
=

ρ2

m2
B1

∑

i

〈σiv〉B
i
e+

∫

dE0fi(E0)G(E0, E) , (12)

where ρ is the local dark matter mass density, the sum
is over all annihilation channels i, and Bi

e+ is the e+

branching fraction in channel i. The initial positron en-
ergy distribution is given by f(E0), and the Green func-
tion G(E0, E) propagates positrons in the galaxy.

Several channels contribute to the positron flux. Here
we focus on the narrow peak of primary positrons
from direct B1B1 → e+e− annihilation. (Annihilation
to muons, taus and heavy quarks also yield positrons
through cascade decays, but with relatively soft and
smeared spectra.) In this case, the source is monoen-
ergetic, and Eq. (12) simplifies to

dΦe+

dΩdE
= 2.7 × 10−8cm−2s−1sr−1GeV−1 〈σeev〉

pb

×

[

ρ

0.3 GeV/cm3

]2 [

1 TeV

mB1

]2

g

(

1,
E

mB1

)

, (13)

FIG. 2: Predicted positron signals (dark shaded) above back-
ground (light shaded) as a function of positron energy for
mB1 = me1

L
= me1

R
= 100, 500, 750, and 1000 GeV.

where the annihilation cross section is

〈σeev〉 =
e4

9π cos4 θW

[

Y 4
e1

L

m2
B1 + m2

e1
L

+ (L → R)

]

, (14)

and the reduced Green function g is as in Ref. [20].
Positron spectra and an estimated background (model

C from Ref. [19]) are given in Fig. 2. The sharp peak at
Ee+ = mB1 is spectacular — while propagation broad-
ens the spectrum, the mono-energetic source remains ev-
ident. This feature is extremely valuable, as the back-
ground, although resulting from many sources, should be
smooth. Maximal Ee+ also enhances detectability since
the background drops rapidly with energy. Both of these
virtues are absent for neutralinos, where Majorana-ness
implies helicity-suppressed annihilation amplitudes, and
positrons are produced only in cascades, leading to soft,
smooth spectra [21]. A peak in the e+ spectrum will not
only be a smoking gun for B1 dark matter, it will also
exclude neutralinos as the source.

Of the many positron experiments, the most promis-
ing is AMS [22], the anti-matter detector to be placed
on the International Space Station. AMS will distin-
guish positrons from electrons even at 1 TeV energies [23].
With aperture 6500 cm2sr and a runtime of 3 years, AMS
will detect ∼ 1000 positrons with energy above 500 GeV,
and may detect a positron peak from B1 dark matter.

Photons from dark matter annihilation in the center of
the galaxy also provide an indirect signal. The line signal
from B1B1 → γγ is loop-suppressed, and so we consider
continuum photon signals. The integrated photon flux
above some photon energy threshold Eth is [20]

Φγ(Eth) = 5.6 × 10−12 cm−2 s−1J̄(∆Ω)∆Ω

×

[

1 TeV

mB1

]2
∑

q

〈σqqv〉

pb

∫ mB1

Eth

dE
dN q

γ

dE
, (15)
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FIG. 10: Combined plot of the direct detection limit on the spin-independent cross section, the
limit from the relic abundance and the LHC reach for (a) γ1 and (b) Z1, in the parameter plane

of the LKP mass and the mass splitting ∆q1. The remaining KK masses have been fixed as in
Fig. 1 and the SM Higgs mass is mh = 120 GeV. The black solid line accounts for all of the
dark matter (100%) and the two black dotted lines show 10% and 1%, respectively. The green

band shows the WMAP range, 0.1037 < ΩCDMh2 < 0.1161. The blue (red) solid line labelled
by CDMS (XENON10) shows the current limit of the experiment whereas the dashed and dotted

lines represent projected limits of future experiments as shown in Fig. 8. In the case of γ1 LKP,
a ton-scale experiment will rule out most of the parameter space while there is little parameter
space left in the case of Z1 LKP. The yellow region in the case of γ1 LKP shows parameter space

that could be covered by the collider search in the 4" + /ET channel at the LHC with a luminosity
of 100 fb−1 [45].

This signature results from the pair production (direct or indirect) of SU(2)W -doublet KK

quarks, which subsequently decay to Z1’s and jets. The leptons (electrons or muons) arise

from the Z1 → !+!−γ1 decay, whose branching fraction is approximately 1/3 [45]. Requiring

a 5σ excess at a luminosity of 100 fb−1, the LHC reach extends up to R−1 ≈ mγ1 ∼ 1.5 TeV,

which is shown as the right-most boundary of the (yellow) shaded region in Fig. 10a. The

slope of that boundary is due to the fact that as ∆q1 increases, so do the KK quark masses,

and their production cross sections are correspondingly getting suppressed, diminishing the

reach. We account for the loss in cross section according to the results from Ref. [75],

assuming also that, as expected, the level-2 KK particles are about two times heavier than

those at level 1. Points which are well inside the (yellow) shaded region, of course, would be

discovered much earlier at the LHC. Notice, however, that the LHC reach in this channel

completely disappears for ∆q1 less than about 8%. This is where the KK quarks become

31

• Yellow: 4 leptons plus MET at 14 TeV LHC with 100 fb-1

• Green: relic abundance
Arrenberg, Baudis, Kong, Matchev, Yoo 2008

• Treat the LKP mass and mass splitting as free parameters.

• Gives a better chance for the LHC, and direct detection.

KK Dark Matter: complementarity
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1. The action S
5

which is invariant under the five dimensional Lorentz symmetry.

2. The boundary action Sbdy�(y � yi) where yi = (±)L denotes the location of the end

point. The boundary terms are invariant under the four dimensional sub-symmetry

of the full five dimensional Lorentz symmetry.

The fermion field content of the model (with a possible extension with the right handed

neutrino for the non-vanishing neutrino mass) is given with their charges under the gauge

symmetry as follows,

Q = (3, 2)
1/6 3 Q

(0)

L =

✓

U
(0)

L

D
(0)

L

◆

,
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✓
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L

e
(0)
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◆

,

E = (1, 1)�1

3 e
(0)

R , (N = (1, 1)
0

3 ⌫
(0)

R ) ,

where the superscript (0) denotes the zero mode of the Kaluza-Klein tower of the five

dimensional field. The bulk action is given by

S
5

=

Z

d4x

Z L

�L
dy [LV + L

 

+ LH + LY uk] , (2.2)

where

LV =
G,W,B
X

A
�1

4
AMN · AMN (2.3)

L
 

=
Q,U,D,L,E

X

 

i 
 !
DM�

M �M
 

  (2.4)

where A denotes the gluon (G), weak gauge bosons (W ) and the hypercharge gauge boson

(B) appearing in the gauge covariant derivatives DM = @M + ig5s� · GM + ig5w⌧ · WM +

ig5Y Y BM , where g5i s are five dimensional couplings of the SM, and �s and ⌧s are the

generators of SU(3)c and SU(2)W , respectively. The gauge group indices are suppressed.

 
 !
DM = 1

2

{ (DM ) � (DM ) }. The gamma matrix in five dimensions is �M =

(�µ, i�
5

), which satisfies {�A,�B} = 2⌘AB = 2diag(1,�1,�1,�1,�1). The bulk mass

term is chosen to be odd under the inversion about the middle point (y = 0) of the extra

dimension to keep the Kaluza-Klein parity preserved: M
 

(y) = �M
 

(�y).
The five dimensional Lagrangian for the Higgs and Yukawa interactions is

LH = (DMH)†DMH � V (H), (2.5)

V (H) = �µ2

5

|H|2 + �
5

|H|4 , (2.6)

LY uk = �E
5

LHE + �D
5

QHD + �U
5

QH̃D + h.c. , (2.7)
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still gets KK mode mixing the EW sector, unless rB = rW = rH . For simplicity, we

assume a common EW boundary parameter.

• In principle, one can introduce two bulk masses and two boundary terms for QCD

and EW sectors: rQ = rU = rD and rL = rE , and MQ = MU = MD and ML = ME .

For simplicity, in this article we assume universal parameters.

Summarizing, in what follows, we make the simplifying assumption of a universal boundary

parameter r ⌘ rQ,U,D,L,E = rG,W,B = rH,µ,� = r�U,D,E and a universal KK-odd fermion

bulk mass µ✓(y) = MQ,L = �MU,D,E where ✓(y) = 2H(y) � 1 is the step function where

H(y) is the Heaviside theta function. Therefore, the remaining free parameters are

L =
⇡R

2
: compactification scale , (2.13)

r : universal boundary parameter , (2.14)

µ : universal bulk mass . (2.15)

Generically one would expect, r ⇠ L and µ ⇠ L�1 ( rL ⇠ µL ⇠ O(1)), since they are

allowed by all symmetries of the model. The cuto↵ scale is also a parameter but as shown

in literature, the dependence on the cuto↵ in masses and couplings is usually logarithmic

and leads to subdominant e↵ects due to the low cuto↵ scale.

2.2 Kaluza-Klein Decomposition

In this section, we perform the Kaluza-Klein decomposition of the UED model with bound-

ary terms and fermion bulk masses. We apply the following standard procedure.

1. Derive the 5D equations of motion from the quadratic part of the action Eq. (2.2).

We do not include contributions from electroweak symmetry breaking in this step,

but treat them as corrections after the KK decomposition.

2. Separate the equations of motion into a xµ and a y dependent part.

3. Determine the wave functions and KK masses from the solutions to the y dependent

equation of motion (EOM) with the boundary conditions at y = ±L dictated by the

boundary action.

4. Determine the overall factor by canonically normalizing the KK mode kinetic terms.

Here we only summarize the results. The detailed calculation can be found in Appendix B.

A fermion  with a left-handed zero mode (i.e. Q and L) in the presence of a boundary

parameter r and a bulk mass M
 

= µ✓(y) is decomposed as follows.

 (x, y) =
1
X

n=0

⇣

 
(n)
L (x)f L

n (y) +  
(n)
R (x)f R

n (y)
⌘

, (2.16)
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where H̃ = i⌧
2

H⇤.

Now for each term in the bulk action, one can add KK-parity conserving boundary

terms, that are allowed by gauge invariance and 4 dimensional Lorentz symmetry:

Sbdy =

Z

d4x

Z L

�L
dy (L@V + L@ + L@H + L@Y uk) [�(y � L) + �(y + L)] , (2.8)

with

L@V =
G,W,B
X

A
�rA

4
Aµ⌫ · Aµ⌫ , (2.9)

L@ =
X

 =Q,L

ir
 

 LDµ�
µ L +

X

 =U,D,E

ir
 

 RDµ�
µ R, (2.10)

L@H = rH (DµH)†DµH + rµµ
2

5

|H|2 � r��5

|H|4 , (2.11)

L@Y uk = r�E�E
5

LHE + r�D�D
5

QHD + r�U�U
5

QH̃D + h.c. . (2.12)

As shown above, the general KK parity preserving 5D UED model contains a large

number of new parameters. Beyond the size L of the extra dimension, and the bulk parame-

ters gA, µ5

, �
5

, �U,D,E
5

– which in MUED can be directly expressed in terms of the standard

model parameters – the model includes five fermion bulk masses MQ,U,D,L,E , as well as the

boundary gauge parameters rG, rW , rB, the boundary Higgs parameters rH , rµ, r�, five

boundary fermion parameters rQ,U,D,L,E , and three boundary Yukawa couplings r�U,D,E ,

amounting to a total of 19 additional parameters. Studying the full parameter space is be-

yond the scope of this article, and we need an ansatz to reduce the number of parameters.

• First of all, above 19 parameters already assume absence of possible flavor changing

neutral current (FCNC). A priory, the fermion bulk masses, the fermion boundary

parameters and the boundary Yukawa couplings are matrices in flavor space. How-

ever, for generic choices, FCNCs are induced at tree-level (c.f. Ref.[7]) which are

strongly constrained by various experiments. As shown explicitly in Appendix A,

tree level FCNCs are absent if all M
 

, r
 

and r�U,D,E are chosen flavor-blind, which

reduces the number of free parameters in the fermion sector to 13.

• Di↵erent r�s in Eqs. (2.11)-(2.12) generate (flavor-conserving) mass mixing terms

between the di↵erent KK fermion modes from the Yukawa interactions. As their

e↵ects are negligible due to the Yukawa suppression, we already set them to be equal

at this stage.

• For rµ 6= r�, the bulk and boundary vacuum expectation values (VEV) do not co-

incide, which leads to a y-dependent VEV. This is a priori not excluded, but it

complicates the KK decomposition in the electroweak sector. For rµ = r� 6= rH , one

can do the KK decomposition of the Higgs field from the 5D Higgs kinetic term, but

in this case, the mass terms induced from the Higgs potential are not diagonal in

this KK basis. They induce mixing between the Higgs KK modes which requires to

re-diagonalize the basis, which is to be done numerically. Even for rH = rµ = r�, one

– 5 –

where H̃ = i⌧
2

H⇤.

Now for each term in the bulk action, one can add KK-parity conserving boundary

terms, that are allowed by gauge invariance and 4 dimensional Lorentz symmetry:

Sbdy =

Z

d4x

Z L

�L
dy (L@V + L@ + L@H + L@Y uk) [�(y � L) + �(y + L)] , (2.8)

with

L@V =
G,W,B
X

A
�rA

4
Aµ⌫ · Aµ⌫ , (2.9)

L@ =
X

 =Q,L

ir
 

 LDµ�
µ L +

X

 =U,D,E

ir
 

 RDµ�
µ R, (2.10)

L@H = rH (DµH)†DµH + rµµ
2

5

|H|2 � r��5

|H|4 , (2.11)

L@Y uk = r�E�E
5

LHE + r�D�D
5

QHD + r�U�U
5

QH̃D + h.c. . (2.12)

As shown above, the general KK parity preserving 5D UED model contains a large

number of new parameters. Beyond the size L of the extra dimension, and the bulk parame-

ters gA, µ5

, �
5

, �U,D,E
5

– which in MUED can be directly expressed in terms of the standard

model parameters – the model includes five fermion bulk masses MQ,U,D,L,E , as well as the

boundary gauge parameters rG, rW , rB, the boundary Higgs parameters rH , rµ, r�, five

boundary fermion parameters rQ,U,D,L,E , and three boundary Yukawa couplings r�U,D,E ,

amounting to a total of 19 additional parameters. Studying the full parameter space is be-

yond the scope of this article, and we need an ansatz to reduce the number of parameters.

• First of all, above 19 parameters already assume absence of possible flavor changing

neutral current (FCNC). A priory, the fermion bulk masses, the fermion boundary

parameters and the boundary Yukawa couplings are matrices in flavor space. How-

ever, for generic choices, FCNCs are induced at tree-level (c.f. Ref.[7]) which are

strongly constrained by various experiments. As shown explicitly in Appendix A,

tree level FCNCs are absent if all M
 

, r
 

and r�U,D,E are chosen flavor-blind, which

reduces the number of free parameters in the fermion sector to 13.

• Di↵erent r�s in Eqs. (2.11)-(2.12) generate (flavor-conserving) mass mixing terms

between the di↵erent KK fermion modes from the Yukawa interactions. As their

e↵ects are negligible due to the Yukawa suppression, we already set them to be equal

at this stage.

• For rµ 6= r�, the bulk and boundary vacuum expectation values (VEV) do not co-

incide, which leads to a y-dependent VEV. This is a priori not excluded, but it

complicates the KK decomposition in the electroweak sector. For rµ = r� 6= rH , one

can do the KK decomposition of the Higgs field from the 5D Higgs kinetic term, but

in this case, the mass terms induced from the Higgs potential are not diagonal in

this KK basis. They induce mixing between the Higgs KK modes which requires to

re-diagonalize the basis, which is to be done numerically. Even for rH = rµ = r�, one

– 5 –

NMUED
Flacke, Kong, Park 2013

Friday, April 5, 13



NMUED

where H̃ = i⌧
2

H⇤.

Now for each term in the bulk action, one can add KK-parity conserving boundary

terms, that are allowed by gauge invariance and 4 dimensional Lorentz symmetry:

Sbdy =

Z

d4x

Z L

�L
dy (L@V + L@ + L@H + L@Y uk) [�(y � L) + �(y + L)] , (2.8)

with

L@V =
G,W,B
X

A
�rA

4
Aµ⌫ · Aµ⌫ , (2.9)

L@ =
X

 =Q,L

ir
 

 LDµ�
µ L +

X

 =U,D,E

ir
 

 RDµ�
µ R, (2.10)

L@H = rH (DµH)†DµH + rµµ
2

5

|H|2 � r��5

|H|4 , (2.11)

L@Y uk = r�E�E
5

LHE + r�D�D
5

QHD + r�U�U
5

QH̃D + h.c. . (2.12)

As shown above, the general KK parity preserving 5D UED model contains a large

number of new parameters. Beyond the size L of the extra dimension, and the bulk parame-

ters gA, µ5

, �
5

, �U,D,E
5

– which in MUED can be directly expressed in terms of the standard

model parameters – the model includes five fermion bulk masses MQ,U,D,L,E , as well as the

boundary gauge parameters rG, rW , rB, the boundary Higgs parameters rH , rµ, r�, five

boundary fermion parameters rQ,U,D,L,E , and three boundary Yukawa couplings r�U,D,E ,

amounting to a total of 19 additional parameters. Studying the full parameter space is be-

yond the scope of this article, and we need an ansatz to reduce the number of parameters.

• First of all, above 19 parameters already assume absence of possible flavor changing

neutral current (FCNC). A priory, the fermion bulk masses, the fermion boundary

parameters and the boundary Yukawa couplings are matrices in flavor space. How-

ever, for generic choices, FCNCs are induced at tree-level (c.f. Ref.[7]) which are

strongly constrained by various experiments. As shown explicitly in Appendix A,

tree level FCNCs are absent if all M
 

, r
 

and r�U,D,E are chosen flavor-blind, which

reduces the number of free parameters in the fermion sector to 13.

• Di↵erent r�s in Eqs. (2.11)-(2.12) generate (flavor-conserving) mass mixing terms

between the di↵erent KK fermion modes from the Yukawa interactions. As their

e↵ects are negligible due to the Yukawa suppression, we already set them to be equal

at this stage.

• For rµ 6= r�, the bulk and boundary vacuum expectation values (VEV) do not co-

incide, which leads to a y-dependent VEV. This is a priori not excluded, but it

complicates the KK decomposition in the electroweak sector. For rµ = r� 6= rH , one

can do the KK decomposition of the Higgs field from the 5D Higgs kinetic term, but

in this case, the mass terms induced from the Higgs potential are not diagonal in

this KK basis. They induce mixing between the Higgs KK modes which requires to

re-diagonalize the basis, which is to be done numerically. Even for rH = rµ = r�, one

– 5 –

where H̃ = i⌧
2

H⇤.

Now for each term in the bulk action, one can add KK-parity conserving boundary

terms, that are allowed by gauge invariance and 4 dimensional Lorentz symmetry:

Sbdy =

Z

d4x

Z L

�L
dy (L@V + L@ + L@H + L@Y uk) [�(y � L) + �(y + L)] , (2.8)

with

L@V =
G,W,B
X

A
�rA

4
Aµ⌫ · Aµ⌫ , (2.9)

L@ =
X

 =Q,L

ir
 

 LDµ�
µ L +

X

 =U,D,E

ir
 

 RDµ�
µ R, (2.10)

L@H = rH (DµH)†DµH + rµµ
2

5

|H|2 � r��5

|H|4 , (2.11)

L@Y uk = r�E�E
5

LHE + r�D�D
5

QHD + r�U�U
5

QH̃D + h.c. . (2.12)

As shown above, the general KK parity preserving 5D UED model contains a large

number of new parameters. Beyond the size L of the extra dimension, and the bulk parame-

ters gA, µ5

, �
5

, �U,D,E
5

– which in MUED can be directly expressed in terms of the standard

model parameters – the model includes five fermion bulk masses MQ,U,D,L,E , as well as the

boundary gauge parameters rG, rW , rB, the boundary Higgs parameters rH , rµ, r�, five

boundary fermion parameters rQ,U,D,L,E , and three boundary Yukawa couplings r�U,D,E ,

amounting to a total of 19 additional parameters. Studying the full parameter space is be-

yond the scope of this article, and we need an ansatz to reduce the number of parameters.

• First of all, above 19 parameters already assume absence of possible flavor changing

neutral current (FCNC). A priory, the fermion bulk masses, the fermion boundary

parameters and the boundary Yukawa couplings are matrices in flavor space. How-

ever, for generic choices, FCNCs are induced at tree-level (c.f. Ref.[7]) which are

strongly constrained by various experiments. As shown explicitly in Appendix A,

tree level FCNCs are absent if all M
 

, r
 

and r�U,D,E are chosen flavor-blind, which

reduces the number of free parameters in the fermion sector to 13.

• Di↵erent r�s in Eqs. (2.11)-(2.12) generate (flavor-conserving) mass mixing terms

between the di↵erent KK fermion modes from the Yukawa interactions. As their

e↵ects are negligible due to the Yukawa suppression, we already set them to be equal

at this stage.

• For rµ 6= r�, the bulk and boundary vacuum expectation values (VEV) do not co-

incide, which leads to a y-dependent VEV. This is a priori not excluded, but it

complicates the KK decomposition in the electroweak sector. For rµ = r� 6= rH , one

can do the KK decomposition of the Higgs field from the 5D Higgs kinetic term, but

in this case, the mass terms induced from the Higgs potential are not diagonal in

this KK basis. They induce mixing between the Higgs KK modes which requires to

re-diagonalize the basis, which is to be done numerically. Even for rH = rµ = r�, one

– 5 –

where H̃ = i⌧
2

H⇤.

Now for each term in the bulk action, one can add KK-parity conserving boundary

terms, that are allowed by gauge invariance and 4 dimensional Lorentz symmetry:

Sbdy =

Z

d4x

Z L

�L
dy (L@V + L@ + L@H + L@Y uk) [�(y � L) + �(y + L)] , (2.8)

with

L@V =
G,W,B
X

A
�rA

4
Aµ⌫ · Aµ⌫ , (2.9)

L@ =
X

 =Q,L

ir
 

 LDµ�
µ L +

X

 =U,D,E

ir
 

 RDµ�
µ R, (2.10)

L@H = rH (DµH)†DµH + rµµ
2

5

|H|2 � r��5

|H|4 , (2.11)

L@Y uk = r�E�E
5

LHE + r�D�D
5

QHD + r�U�U
5

QH̃D + h.c. . (2.12)

As shown above, the general KK parity preserving 5D UED model contains a large

number of new parameters. Beyond the size L of the extra dimension, and the bulk parame-

ters gA, µ5

, �
5

, �U,D,E
5

– which in MUED can be directly expressed in terms of the standard

model parameters – the model includes five fermion bulk masses MQ,U,D,L,E , as well as the

boundary gauge parameters rG, rW , rB, the boundary Higgs parameters rH , rµ, r�, five

boundary fermion parameters rQ,U,D,L,E , and three boundary Yukawa couplings r�U,D,E ,

amounting to a total of 19 additional parameters. Studying the full parameter space is be-

yond the scope of this article, and we need an ansatz to reduce the number of parameters.

• First of all, above 19 parameters already assume absence of possible flavor changing

neutral current (FCNC). A priory, the fermion bulk masses, the fermion boundary

parameters and the boundary Yukawa couplings are matrices in flavor space. How-

ever, for generic choices, FCNCs are induced at tree-level (c.f. Ref.[7]) which are

strongly constrained by various experiments. As shown explicitly in Appendix A,

tree level FCNCs are absent if all M
 

, r
 

and r�U,D,E are chosen flavor-blind, which

reduces the number of free parameters in the fermion sector to 13.

• Di↵erent r�s in Eqs. (2.11)-(2.12) generate (flavor-conserving) mass mixing terms

between the di↵erent KK fermion modes from the Yukawa interactions. As their

e↵ects are negligible due to the Yukawa suppression, we already set them to be equal

at this stage.

• For rµ 6= r�, the bulk and boundary vacuum expectation values (VEV) do not co-

incide, which leads to a y-dependent VEV. This is a priori not excluded, but it

complicates the KK decomposition in the electroweak sector. For rµ = r� 6= rH , one

can do the KK decomposition of the Higgs field from the 5D Higgs kinetic term, but

in this case, the mass terms induced from the Higgs potential are not diagonal in

this KK basis. They induce mixing between the Higgs KK modes which requires to

re-diagonalize the basis, which is to be done numerically. Even for rH = rµ = r�, one

– 5 –

where H̃ = i⌧
2

H⇤.

Now for each term in the bulk action, one can add KK-parity conserving boundary

terms, that are allowed by gauge invariance and 4 dimensional Lorentz symmetry:

Sbdy =

Z

d4x

Z L

�L
dy (L@V + L@ + L@H + L@Y uk) [�(y � L) + �(y + L)] , (2.8)

with

L@V =
G,W,B
X

A
�rA

4
Aµ⌫ · Aµ⌫ , (2.9)

L@ =
X

 =Q,L

ir
 

 LDµ�
µ L +

X

 =U,D,E

ir
 

 RDµ�
µ R, (2.10)

L@H = rH (DµH)†DµH + rµµ
2

5

|H|2 � r��5

|H|4 , (2.11)

L@Y uk = r�E�E
5

LHE + r�D�D
5

QHD + r�U�U
5

QH̃D + h.c. . (2.12)

As shown above, the general KK parity preserving 5D UED model contains a large

number of new parameters. Beyond the size L of the extra dimension, and the bulk parame-

ters gA, µ5

, �
5

, �U,D,E
5

– which in MUED can be directly expressed in terms of the standard

model parameters – the model includes five fermion bulk masses MQ,U,D,L,E , as well as the

boundary gauge parameters rG, rW , rB, the boundary Higgs parameters rH , rµ, r�, five

boundary fermion parameters rQ,U,D,L,E , and three boundary Yukawa couplings r�U,D,E ,

amounting to a total of 19 additional parameters. Studying the full parameter space is be-

yond the scope of this article, and we need an ansatz to reduce the number of parameters.

• First of all, above 19 parameters already assume absence of possible flavor changing

neutral current (FCNC). A priory, the fermion bulk masses, the fermion boundary

parameters and the boundary Yukawa couplings are matrices in flavor space. How-

ever, for generic choices, FCNCs are induced at tree-level (c.f. Ref.[7]) which are

strongly constrained by various experiments. As shown explicitly in Appendix A,

tree level FCNCs are absent if all M
 

, r
 

and r�U,D,E are chosen flavor-blind, which

reduces the number of free parameters in the fermion sector to 13.

• Di↵erent r�s in Eqs. (2.11)-(2.12) generate (flavor-conserving) mass mixing terms

between the di↵erent KK fermion modes from the Yukawa interactions. As their

e↵ects are negligible due to the Yukawa suppression, we already set them to be equal

at this stage.

• For rµ 6= r�, the bulk and boundary vacuum expectation values (VEV) do not co-

incide, which leads to a y-dependent VEV. This is a priori not excluded, but it

complicates the KK decomposition in the electroweak sector. For rµ = r� 6= rH , one

can do the KK decomposition of the Higgs field from the 5D Higgs kinetic term, but

in this case, the mass terms induced from the Higgs potential are not diagonal in

this KK basis. They induce mixing between the Higgs KK modes which requires to

re-diagonalize the basis, which is to be done numerically. Even for rH = rµ = r�, one

– 5 –

where H̃ = i⌧
2

H⇤.

Now for each term in the bulk action, one can add KK-parity conserving boundary

terms, that are allowed by gauge invariance and 4 dimensional Lorentz symmetry:

Sbdy =

Z

d4x

Z L

�L
dy (L@V + L@ + L@H + L@Y uk) [�(y � L) + �(y + L)] , (2.8)

with

L@V =
G,W,B
X

A
�rA

4
Aµ⌫ · Aµ⌫ , (2.9)

L@ =
X

 =Q,L

ir
 

 LDµ�
µ L +

X

 =U,D,E

ir
 

 RDµ�
µ R, (2.10)

L@H = rH (DµH)†DµH + rµµ
2

5

|H|2 � r��5

|H|4 , (2.11)

L@Y uk = r�E�E
5

LHE + r�D�D
5

QHD + r�U�U
5

QH̃D + h.c. . (2.12)

As shown above, the general KK parity preserving 5D UED model contains a large

number of new parameters. Beyond the size L of the extra dimension, and the bulk parame-

ters gA, µ5

, �
5

, �U,D,E
5

– which in MUED can be directly expressed in terms of the standard

model parameters – the model includes five fermion bulk masses MQ,U,D,L,E , as well as the

boundary gauge parameters rG, rW , rB, the boundary Higgs parameters rH , rµ, r�, five

boundary fermion parameters rQ,U,D,L,E , and three boundary Yukawa couplings r�U,D,E ,

amounting to a total of 19 additional parameters. Studying the full parameter space is be-

yond the scope of this article, and we need an ansatz to reduce the number of parameters.

• First of all, above 19 parameters already assume absence of possible flavor changing

neutral current (FCNC). A priory, the fermion bulk masses, the fermion boundary

parameters and the boundary Yukawa couplings are matrices in flavor space. How-

ever, for generic choices, FCNCs are induced at tree-level (c.f. Ref.[7]) which are

strongly constrained by various experiments. As shown explicitly in Appendix A,

tree level FCNCs are absent if all M
 

, r
 

and r�U,D,E are chosen flavor-blind, which

reduces the number of free parameters in the fermion sector to 13.

• Di↵erent r�s in Eqs. (2.11)-(2.12) generate (flavor-conserving) mass mixing terms

between the di↵erent KK fermion modes from the Yukawa interactions. As their

e↵ects are negligible due to the Yukawa suppression, we already set them to be equal

at this stage.

• For rµ 6= r�, the bulk and boundary vacuum expectation values (VEV) do not co-

incide, which leads to a y-dependent VEV. This is a priori not excluded, but it

complicates the KK decomposition in the electroweak sector. For rµ = r� 6= rH , one

can do the KK decomposition of the Higgs field from the 5D Higgs kinetic term, but

in this case, the mass terms induced from the Higgs potential are not diagonal in

this KK basis. They induce mixing between the Higgs KK modes which requires to

re-diagonalize the basis, which is to be done numerically. Even for rH = rµ = r�, one

– 5 –

• To avoid tree-level FCNC, set all M and r flavor blind -> 19.

• For             , bulk VEV and boundary VEV different.

• To avoid KK mode mixing, set all r’s the same.

• Assume universal bulk masses.
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NMUED: couplings

Figure 2. Modified KK couplings: V1f1f0 (top-left), V2f2f0 (top-right), V2f1f1 (bottom-left), and
V2f0f0 (bottom-right).

couplings are only induced at one-loop level and therefore small [22], but still potentially

observable at LHC when upgraded to 14TeV [26]. As can be seen in the right panel of

Fig. 2, for our generalized UED setup, the coupling is absent only for µ = 0 – again due

to coinciding fermion and gauge boson wave functions and the orthogonality relations. For

generic µ, gA
200

is of the order of the corresponding standard model coupling. Therefore,

resonance searches are amongst the most sensitive tests of generalized UED models. We

find that dependence on the brane parameter r is weak in F
110

and F
200

and we expect

that they may be less constrained by experiments. On the other hand, variation of F
220

and F
211

along the r direction is more dramatic.

3 Constraints on Generalized UED Models

In this section, we consider various constraints on the generalized UED model in the pres-

ence of bulk masses and brane localized terms.
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• For universal boundary and universal bulk mass
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• We propose the following:
– Consider 5D UED only

• 6D model needs to address an issue with DM (too low KK scale)

– Minimal UED
• two parameters: R and Λ (cutoff)
• cutoff dependence: log(RΛ)
• mass spectrum from radiative correction (no boundary terms)
• Include Δq1, explore the connection with direct detection.

– NMUED with brane terms for strong sector
• two additional parameters: bulk mass term µ, boundary parameter r.
• New signals: 2nd resonance ⇒ SM quarks, ...

– Signatures (standard SUSY search + resonances)
• level 1: jets + n-leptons + met,       n=0,1,2,3,4
• level 2: dijet, dilepton and lepton-neutrino final states

HF4: UED Benchmarks
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Please give suggestions, 
and in particular, offer 

your help!
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